dependent contraction, and Ca 2ϩ channel current was 3.94-fold higher in the resident vascular muscle cells. Finally, although the level of mRNA encoding the pore-forming ␣1C-subunit of the CaL channel was similar between small pulmonary arteries from N and CH piglets, a profound and persistent upregulation of the vascular ␣ 1C protein was detected by 10 days in CH piglets at a time when pulmonary vascular resistance was only mildly elevated. Thus chronic hypoxia in the neonate is associated with the anomalous upregulation of CaL channels in small pulmonary arteries in vivo and the resulting abnormal Ca 2ϩ -dependent resistance may contribute to the pathogenesis of PAH. neonate; pulmonary circulation; vascular smooth muscle cells CHRONIC HYPOXIA DURING INFANCY may lead to severe pulmonary arterial hypertension (PAH) associated with high morbidity and mortality in infants and young children. Even if death does not occur, devastating neurological, respiratory, and cardiac complications often persist into childhood (1, 57) . The pathogenesis of PAH appears to involve an initial, active vasoconstriction of pulmonary resistance vessels that may progress to fixed luminal narrowing, elevated pulmonary vascular resistance (PVR), thrombi formation, and, ultimately, right heart failure and death (1, 57) . The contributing events may include a biochemical shift from the production of vasodilator to vasoconstrictor mediators, resulting in vasoconstriction and progressive activation of the pulmonary resistance vessels accompanied by cellular proliferation (1, 2, 5, 11, 16, 18 -21, 28, 41, 53, 57) . After the structural remodeling of pulmonary vessels has occurred, therapeutic interventions to restore PVR to normal levels are largely ineffective (1, 57) . Therefore, drug therapies targeting cellular pathways that mediate the initial and reversible rise in PVR may be advantageous.
In this regard, calcium channel blockers (CCBs) have been used as long-term vasodilator therapies for PAH in the pediatric population that responds positively to an acute vasodilator test (4, 30, 32) . The CCBs exert their vasodilator effect by binding with high affinity to long-lasting or "L-type" calcium (Ca L ) channels in vascular smooth muscle cells (VSMCs) to attenuate voltage-gated Ca 2ϩ influx. In a comprehensive study by Barst et al. (4) of vasodilator therapies for PAH in 77 children, 42% of patients responded to oral nifedipine therapy with clinical improvement that included a fall in mean pulmonary arterial pressure. Patients under 2 yr of age had a ϳ65% response rate to acute vasodilator therapy; the younger the child the greater the likelihood of eliciting vasodilation (4) . In contrast to the therapeutic effect of CCBs in the pediatric population, only ϳ15-20% of adult patients with PAH have a favorable response to the same drugs (46, 49) . The higher therapeutic efficacy of CCBs in neonates and children may reflect less advanced pulmonary disease more amenable to vasodilator intervention or, alternatively, may indicate that Ca L channels play a more central role in establishing the elevated PVR in pediatric than adult patients. In fact, CCBs including nifedipine and the longer acting amlodipine are used to treat chronic lung diseases of many causes in infants and children in whom the progression of PAH at least partially relies on the development of abnormal pulmonary vascular tone (4, 7, 30, 57) .
The goal of the current study was to determine if Ca L channel abnormalities contribute to the pathogenesis of PAH in an early pediatric population. We explored this possibility using an established model of hypoxia-induced PAH in neonatal piglets, an animal model that shares many biological features with human neonates exposed to chronic hypoxia, including pulmonary vasoconstriction, progressive elevation of PVR, and, ultimately, fixed vascular lesions and right heart failure (26 -28) . Importantly, in this model and similar to a subset of pediatric patients, administration of nifedipine blunts the development of PAH, suggesting a contribution of Ca L channel abnormalities to the pathogenesis of the disease (14, 22) . Taking advantage of this model, newborn piglets were exposed to 3, 10, or 21 days of either normoxia (N) or chronic hypoxia (CH). Subsequently, we compared resting pulmonary tone in vivo in N and CH piglets and assessed Ca 2ϩ -dependent vascular reactivity in isolated lungs and segments of small pulmonary arteries. These results were correlated with the levels of Ca L channel mRNA, protein, and current in pulmonary VSMCs.
MATERIALS AND METHODS
Animal models. Piglets were paired in environmental chambers at 3-4 days of age and exposed to N (FI O 2 ϭ 0.21) or CH (FIO 2 ϭ 0.10) for 3, 10, or 21 days. Ambient CO 2 was maintained at Ͻ0.5% by a combination of high gas flow in the chamber and CO 2 scrubbing with CaCO 3 (24) . Piglets were removed from the chamber for Ͻ1 h each day for cleaning and replacement of feed and were allowed to feed ad libitum. Those that did not feed well were bottle or gavage fed as needed. All animal protocols were approved by the Institutional Animal Care and Use Committees of the Zablocki Veterans Administration Medical Center and the Medical College of Wisconsin.
Pulmonary hypertension indexes. Hematocrit, and the right ventricle to left ventricle plus septum (RV/LV ϩ S) ratio, were measured in all piglets. Morphological correlates were performed using 1-cm cubes of tissue from a midsagittal slice of the left or right lower lobes of four piglets from each study group. The tissues were embedded in paraffin, sectioned, and stained with hematoxin and eosin. The percent muscle thickness (%MT ϭ 2 ϫ muscle thickness/external diameter) was measured for arteries ranging from Ͻ50 to 300 m in outer diameter (40) .
In vivo hemodynamics. In vivo hemodynamics were measured in anesthetized N and CH piglets ventilated with room air (FI O 2 ϭ 0.21) to characterize the level of PAH, as described previously (25, 37) . Briefly, the carotid artery was catheterized and a thermodilution catheter was introduced through the external jugular vein and floated into the pulmonary artery. Piglets were ventilated at the rate of 20 breaths/min using a tidal volume of 15 to 20 ml/kg. Baseline hemodynamic measurements were obtained during normoxia (21% O 2) after which the gas mixture was made hypoxic (10% O 2) to evaluate the acute pressor response to hypoxia. Finally, nitric oxide (NO; 10 ppm) was added to the hypoxic gas mixture and hemodynamic measurements were made a final time to assess the vasodilator responsiveness of the intact vasculature. Hemodynamic measurements included heart rate (HR), pulmonary artery pressure (PAP), pulmonary capillary wedge pressure (PCWP), and cardiac output measured by thermodilution in duplicate or triplicate. Cardiac output was divided by body weight to obtain cardiac index (CI). Pulmonary vascular resistance indexed to body weight was then calculated as pulmonary vascular resistance index (PVRI) ϭ (PAP Ϫ PCWP)/CI and expressed in modified Wood units.
After the hemodynamic studies were completed, piglets were given an additional dose of pentobarbital, heparinized (5,000 U iv), and exsanguinated. The N and CH piglets that were not used for in vivo hemodynamics were anesthetized, heparinized, and exsanguinated in a similar way. Subsequently, lungs or lung lobes were used for morphologic studies described above and/or for one or more of the protocols listed below.
Isolated lung preparation. Isolated lungs from 21-day N and CH piglets were prepared as described previously (25, 37) . Briefly, after an additional dose of anesthesia, the chest was opened by median sternotomy and the left lung was removed. The ductus arteriosus was ligated, and the left pulmonary artery and left atrium were cannulated. The left lung was perfused with a mixture of autologous blood and 3% Dextran-70 in Ringer lactate (hematocrit ϳ12%) at a constant flow rate of 50 ml/kg body wt/min. PAP, left atrial pressure (Pla), and airway pressure (Paw) were constantly measured, and the transpulmonary pressure gradient (⌬Ptp ϭ PAP Ϫ Pla) was calculated. Since flow was constant, a change in ⌬Ptp reflected a change in vascular resistance. In all isolated lung experiments, pH, PCO 2, and PO2 were measured at each oxygen tension and metabolic acidosis was corrected with 1 N NaHCO 3 as needed. Isolated lungs from 21-day N and CH piglets were perfused under normoxic conditions to obtain baseline PAP. Subsequently, nifedipine (10 mol/l) was added to the perfusate to assess the level of Ca 2ϩ -dependent tone. Preliminary studies demonstrated that 10 mol/l nifedipine completely reversed a 1.4-fold rise in ⌬Ptp induced by perfusion of the Ca L channel agonist Bay K 8644 (1 mol/l), suggesting effective block of Ca L channels even in the presence of a pharmacological opener (n ϭ 3; data not shown). At the end of the experiment, papaverine (15-mg bolus) was additionally added to obtain maximal dilation.
Isolated vessel reactivity. Small pulmonary arteries (3rd order, 2-mm length) were carefully dissected from lungs of 21-day N and CH piglets and mounted in a tension-recording system as described previously (44, 45) . Optimal basal tension was established by evaluating the maximal contraction to successive challenges with 80 mmol/l KCl. After equilibration for 1 h, concentration-dependent responses to the Ca L channel agonist Bay K 8644 (1 nmol/l to 1 mol/l, half-log increments) were obtained to evaluate the availability of Ca L channels to mediate contraction.
Whole cell Ca 2ϩ currents. Single VSMCs were enzymatically isolated from small pulmonary arteries (3rd-to 5th-order branches) of N and CH piglets, and whole cell CaL channel currents were recorded using a patch-clamp station and voltage protocols previously published (44) . Briefly, recordings were obtained at 25°C using 10 mmol/l BaCl2 as a charge carrier to limit current rundown. With the use of Ϫ70 mV as the constant interpulse holding potential, whole cell currents were elicited in response to progressive 8-mV voltage steps from Ϫ70 to ϩ50 mV. Peak amplitudes were measured and normalized to membrane capacitance to account for the different sizes of single cells. The pipette solution consisted of the following (in mmol/l): 145 cesium glutamate, 1 MgCl2, 10 HEPES, 10 EGTA, and 3 Na2ATP. The bath solution contained the following (in mmol/l): 10 BaCl2, 135 TEA, 1 MgCl2, 10 HEPES, and 10 glucose.
Western blot analysis. Membrane proteins were isolated from small pulmonary arteries (3rd-to 5th-order branches) of N and CH piglets as described previously (44, 45) . For comparison of protein expression between samples, equivalent amounts of membrane protein were added to adjacent lanes of a 4 -15% gradient polyacrylamide gel, electrophoretically separated by size, and transferred to a nitrocellulose membrane. Membranes were washed in Tris-buffered saline containing 0.1% Tween 20 (TBST) and blocked with 10% nonfat dried milk in TBST overnight at 4°C. Membranes were subsequently incubated with a 1:200 dilution of polyclonal rabbit anti-␣1C or anti-␣1D for overnight and then subjected to four 10-min washes in TBST. Membranes were incubated with horseradish peroxidase conjugated goat anti-rabbit IgG in 5% milk/TBST for 1 h and washed at least several times. The bound antibody was detected by ECL on X-ray film, and immunoreactivity was calculated using National Institutes of Health Scion software. The smooth muscle-specific protein ␣-actin was used as an internal standard.
Real-time PCR. Total RNA was isolated from small pulmonary arteries of 21-day N and CH piglets using an RNeasy minikit and QiaShredder columns (Qiagen Operon, Huntsville, AL). Genomic DNA contamination was removed using DNAse-free (Ambion, Austin, TX), and total RNA (1 g) was reverse transcribed according to commercial instructions (iScript cDNA synthesis; Bio-Rad, Hercules, CA). The forward and reverse primers used to amplify cDNA corresponding to the CaL channel ␣1C-subunit were 5Ј-ccgcccactaccaagatcaac-3Ј (forward) and 5Ј-gcatctcgggctcctcctc-3Ј (reverse). The cDNA corresponding to the internal standard ␣-actin was amplified using 5Ј-cagggagtgatggttggaatgg-3Ј (forward) and 5Ј-tggtgatgatgccgtgttctatc-3Ј (reverse). The PCR mixture contained 50 l of 1X iQ SYBR green Supermix (Bio-Rad), 200 nmol/l each of forward and reverse primers, and 10 ng of template. After initial denaturation at 95°C for 3 min, the following temperature-cycling profile was used for amplification (40 cycles): 95°C, 10 s for denaturing and 62°C, 1 min for annealing and extension. The amplification of the intended target was evaluated by melting curve analysis (iCycler, Bio-Rad) and size separation of cDNA products on a 1% agarose gel. The ␣ 1C-cycle threshold (CT) values were normalized using smooth muscle ␣-actin as an internal standard and analyzed by the ⌬⌬CT method for relative quantification of ␣1C-transcript (35) .
Drugs and chemicals. For the isolated lung studies, Dextran-70 (Sigma-Aldrich, St. Louis, MO) was dissolved in lactated Ringer to achieve a 3% solution. Nifedipine (Sigma-Aldrich) was dissolved in ethanol and an aliquot of Ͻ1 ml in volume was added to the blood/Dextran-lactated Ringer to achieve a 10 mol/l solution. Papaverine was obtained from Bedford Laboratories (Bedford, OH) and added to the blood perfusate as supplied. For the isolated vessel studies, Bay K 8644 (Sigma-Aldrich) was dissolved in 70% ethanol as a 10 mol/l stock solution and added in 50-l aliquots to 15-ml tissue baths. The drug vehicle had no effect on basal vascular tone including values for ⌬Ptp in isolated perfused lungs. Salts and buffers were purchased from Sigma-Aldrich. Papain, dithiothreitol, collagenase, trypsin inhibitor, and PMSF also were purchased from Sigma-Aldrich. The Ca L channel anti-␣1C-and anti-␣1D antibodies were purchased from Alomone Labs (Jerusalem, Israel).
Statistics. All data are shown as means Ϯ SE. Single variables at different time points were compared using one-way ANOVA. Whole cell calcium channel current elicited at each voltage, and Western blots were compared between samples from N and CH piglets using unpaired t-tests. All differences were judged to be significant at the level of P Ͻ 0.05.
RESULTS

Development of PAH.
Three-to four-day-old newborn piglets were exposed to N (FI O 2 ϭ 0.21) or CH (FI O 2 ϭ 0.10) for 3, 10, or 21 days in environmental chambers. A total of 60 animals was studied. There was little evidence of hypoxiainduced PAH in the 3-day CH piglets (Table 1) . Neither hematocrit, RV/LV ϩ S ratio, nor normoxic PVRI differed significantly between 3-day N and CH piglets, respectively. Only a small but significant increase in %MT of pulmonary arteries measuring 50 -300 m in external diameter suggested initial vascular remodeling in CH piglets. Clinical signs of PAH were emerging in 10-day CH piglets. Hematocrit and PVRI did not differ between the 10-day N and CH groups, but an increased RV/LV ϩ S ratio in the 10-day CH piglets was observed concurrent with an enhanced %MT. By 21 days of hypoxia, animals showed overt clinical signs of PAH. Hematocrit, RV/LV ϩ S ratio, and PVRI values were significantly higher in 21-day CH compared with N piglets. In addition, there was a profound increase in %MT in the pulmonary arteries of CH piglets. Collectively, these findings indicated that PAH was well established in the neonatal piglets after 21 days of CH, and most of the subsequent studies focused on the 21-day animals.
Hemodynamic evidence of a reactive pulmonary circulation in CH piglets at 21 days. An elevated PVRI may reflect an abnormal but reversible vasoconstriction of the pulmonary circulation and/or the presence of a fixed vascular lesion characterized by a loss of vasoreactivity. In our study, although resting PVRI was 2.1-fold higher in lungs of CH compared with N piglets after 21 days of hypoxia (Table 1) , the persistence of pulmonary vasomotor responses to constrictor and dilator stimuli indicated continued reactivity of the VSMCs. For example, vasoconstrictor responses to acute hypoxia were observed in lungs of both N and CH piglets in vivo (Fig. 1, A and B) . Acute reductions in FI O 2 from 0.21 to 0.10 increased PVRI in lungs of N piglets from 39 Ϯ 3 to 69 Ϯ 8 modified Wood units (n ϭ 9) and increased PVRI in CH piglets from 83 Ϯ 8 to 122 Ϯ 4 modified Wood units (n ϭ 10). The percent increases in PVRI induced by acute hypoxia were not significantly different between the two groups of animals (N, 84 Ϯ 20%; CH, 57 Ϯ 17%). Hypoxiainduced vasoconstriction was fully reversed by inhaled NO (10 ppm) in both groups, and, importantly, inhaled NO reduced PVRI in the lungs of CH piglets to below the basal level observed in normoxia (Fig. 1, B and C) . This finding suggested that the elevated basal PVRI in the lungs of CH piglets was due, at least in part, to an active vasoconstriction of the pulmonary resistance vessels. We attributed the remaining elevated component of PVRI in CH lungs to vascular remodeling, although active tone insensitive to NO-induced dilation could not be ruled out.
Elevated Ca 2ϩ -dependent reactivity in isolated lungs and small arteries of CH piglets. Subsequently, we compared the contribution of Ca L channels to the resting transpulmonary pressure gradient (⌬Ptp) between isolated, perfused lungs of 21-day N and CH piglets by evaluating the dilator response to nifedipine (NIF). The isolated lung model avoids the systemic hypotensive effect of CCBs that can confound the interpretation of hemodynamic measurements in vivo, thereby permitting the Ca 2ϩ -dependent tone of the pulmonary vasculature to be assessed independently. The nonselective vasodilator agent papaverine was further added to the lung perfusate to induce maximal vasodilation. The difference between control ⌬Ptp values and ⌬Ptp values after papaverine-induced dilation was regarded as the level of active pulmonary vascular tone. The isolated lungs of 21-day CH piglets showed an initial resting ⌬Ptp of 20.50 Ϯ 2.09 mmHg (n ϭ 5), which was 1.77-fold higher than the average value of 11.62 Ϯ 0.82 mmHg (n ϭ 4) in the N piglets (Fig. 2, A and B) . Nifedipine reduced ⌬Ptp by 1.87 Ϯ 0.24 mmHg, and papaverine further reduced ⌬Ptp by 4.00 Ϯ 0.41 mmHg in lungs of N piglets, suggesting that 32 Ϯ 4% of active tone depended on Ca 2ϩ influx through Ca L channels. In contrast, nifedipine reduced ⌬Ptp in the isolated lungs of CH piglets by 6.40 Ϯ 1.35 mmHg, revealing a 3.42-fold higher Ca L channel-dependent tone compared with the lungs of N piglets. Papaverine further reduced ⌬Ptp by 3.70 Ϯ 0.81 mmHg in the affected lungs, suggesting that the majority (62 Ϯ 7%) of the elevated active tone in the lungs of 21-day CH piglets was mediated by Ca L channels.
To verify that the enhanced Ca 2ϩ -dependent tone in the isolated lungs from CH piglets reflected a Ca L channel abnormality localized to the VSMCs, we isolated third-order small pulmonary arteries from lungs of 21-day N and CH piglets for use in isometric tension recording. In these studies, depolarization-induced Ca 2ϩ influx in response to KCl (80 mmol/l) caused more pronounced contractions in arterial segments from lungs of CH compared with N piglets (Fig. 3, A and B) . Additionally, the pharmacological activation of Ca L channels by the dihydropyridine agonist Bay K 8644 only contracted arteries from lungs of CH but not N piglets. The maximal contractile responses to Bay K 8644 averaged 62 Ϯ 14% of the contraction to 80 mmol/l KCl in arteries from CH piglets but were absent in arteries from N piglets that instead passively relaxed below initial basal tension (n ϭ 5; Fig. 3, C and D) . Collectively, these findings suggested an increased number of Ca L channels available to mediate Ca 2ϩ influx and vascular contraction in the pulmonary arteries of the CH piglets.
Increased Ca 2ϩ channel current density in VSMCs of CH piglets. Patch-clamp studies also detected an abnormally high level of Ca 2ϩ influx in freshly isolated VSMCs from small pulmonary arteries (3rd-to 5th-order branches) of 21-day CH piglets with PAH. Membrane capacitance, an indicator of cell membrane area, was similar between VSMCs from N and CH lungs averaging 9.59 Ϯ 0.73 pF (n ϭ 10) and 8.46 Ϯ 0.73 pF (n ϭ 5), respectively. The tiny neonatal VSMCs were extremely fragile, which permitted the acquisition of high quality recordings in only a small number of cells. In a sample of 10 VSMCs from N piglets, families of whole cell inward currents elicited by 8-mV depolarizing steps from a constant holding potential of Ϫ70 mV to a peak voltage of ϩ50 mV showed a uniformly low density of inward current. In contrast, Ca L channel current densities in five pulmonary VSMCs from CH piglets were highly increased. Nifedipine (5 mol/l) blocked the inward currents, confirming Ca L channels as the conducting pathway (Fig. 4A ). The average current densities elicited at each voltage were plotted in current-voltage (I-V) relationships to determine if the Ca L channel current was elevated in VSMCs from CH compared with N animals (Fig. 4B) . The I-V curve generated from the VSMCs of CH animals was significantly enhanced at most voltages. Peak Ca L channel current was increased between 1.93-and 10.23-fold in VSMCs from CH piglets (n ϭ 5) compared with the average peak current in VSMCs from N piglets (n ϭ 10).
Increased ␣ 1C -subunit protein but not mRNA in arteries of CH piglets. Subsequently, we investigated if the mechanism of enhanced Ca L channel function in pulmonary arteries of 21-day CH piglets reflected an increased expression of these Fig. 1 . Pulmonary circulation of 21-day chronic hypoxia (CH) piglets remained highly reactive to acute vasoconstrictor and dilator stimuli. A: resting PVRI was elevated in CH piglets compared with normoxia (N) piglets. B: acutely lowering FIO 2 from 0.21 to 0.10 increased pulmonary vascular resistance index (PVRI) in N and CH piglets by 84 Ϯ 20 and 57 Ϯ 17%, respectively, indicating reactivity to pressor stimuli in both groups. C: inhaled NO reduced the PVRI below normoxic baseline in the CH piglets but only to baseline in the N piglets. Thus active vasoconstriction susceptible to dilator stimuli contributed significantly to the elevated resting PVRI in CH piglets. *Significant difference (P Ͻ 0.05) between PVRI of N and CH piglets under the same condition. ϩSignificant difference (P Ͻ 0.05) between resting normoxic PVRI and other PVRI values in the same preparation. Sample sizes were 9 N and 10 CH. tp tp channels in the pulmonary vasculature of the hypoxic animals. In these studies, small pulmonary arteries (3rd-to 5th-order branches) were microdissected from the lungs of four N and four CH piglets. Equal amounts of vascular proteins from a single animal were loaded into adjacent lanes. The transferred proteins were probed using an anti-␣ 1C polyclonal antibody directed against the pore-forming ␣ 1C -subunit of the Ca L channel. In Western blots, the ␣ 1C -subunit is recognized as a 200-to 240-kDa doublet band representing its short and long forms, respectively (44, 45) . A biochemical truncation of the carboxyl terminus results in the shorter form of ␣ 1C that still retains function (29, 36) . In the present study, the anti-␣ 1C immunoblots confirmed a profound upregulation of the ␣ 1C -subunit in the small pulmonary arteries of the CH piglets. The expression of an internal standard, smooth muscle ␣-actin, was unchanged in the same vessels (Fig. 5A ). Micropuncture studies (17) in lungs of CH piglets have attributed the increased vascular resistance in PAH to a compartment containing small arteries as the site of greatest reactivity. Thus we reasoned that if Ca L channels contributed to the increased vascular resistance of PAH, their upregulation should be localized to small arteries and not a feature of larger diameter vessels. Indeed, Western blots comparing ␣ 1C expression between large pulmonary arteries (1st and 2nd branches) from four N and CH piglets showed variable ␣ 1C expression but no pattern of Ca L channel upregulation in the large arteries of the CH animals (Fig. 5B) . Collectively, the immunodensity of the doublet band corresponding to the short and long forms of the Ca L channel ␣ 1C -subunit was 7.2-fold higher in the small pulmonary arteries of CH compared with N piglets (n ϭ 8 each), whereas ␣ 1C immunoreactivity was nearly identical between large pulmonary arteries from the same animals (n ϭ 4 each; Fig. 5C ).
We further reasoned that if Ca L channels contributed to the development of PAH, their anomalous expression should be evident in small pulmonary arteries of CH piglets at an early stage of the disease. With the use of pooled proteins obtained from small pulmonary arteries of 3-, 10-, and 21-day N and CH piglets (n ϭ 3-4 each) used in the hemodynamic studies (Table  1) , Western blot analyses indicated that the expression of the Ca L channel ␣ 1C -subunit was similar between small pulmonary arteries obtained from 3-day N and CH piglets animals (Fig. 6) . However, by 10 days of hypoxia, the immunoreactivity associated with ␣ 1C increased 1.9-fold in the small pulmonary arteries of CH compared with N piglets. PVRI was mildly but insignificantly elevated at this early stage of PAH, but an increased RV/LV ϩ S ratio and %MT signaled the onset of hypertension ( Table 1 ). The upregulation of ␣ 1C in the small pulmonary arteries of CH piglets persisted at 21 days when PAH was overt, showing a 3.2-fold increase in expression in this subset of CH animals.
Recently, a functional role for another dihydropyridinesensitive, voltage-gated Ca L channel composed of the poreforming ␣ 1D (Ca v 1.3)-subunit has been identified in several tissues, including in cardiac atria in which it drives pacemaker activity (29, 43, 59) . Although the physiological role of ␣ 1D in VSMCs is unknown, we investigated whether an upregulation of this Ca L channel type also occurred in small pulmonary arteries of CH piglets. As an initial step, we investigated if ␣ 1D was expressed in small pulmonary arteries using piglet brain as a positive expression control. In lanes equally loaded with brain or vascular protein lysates (50 g each), the ␣ 1D -subunit was resolved as a faint immunoreactive band at 190 kDa that was sparsely expressed in pulmonary arteries compared with brain tissue (Fig. 7A ). Subsequently, the expression level of ␣ 1D was compared between samples of small pulmonary arteries from four 21-day N and CH piglets. The sparse expression of ␣ 1D noted in the small arteries of N piglets also was a feature of CH piglets (Fig. 7B) . In the same preparations, ␣ 1C was profoundly upregulated in the small arteries of the CH animals (Fig. 7C) . Densitometric analysis showed that the expression of ␣ 1D was similar (0.02 Ϯ 0.26-fold difference) between small pulmonary arteries of 21-day N and CH piglets. In contrast, the ␣ 1C signal was elevated 5.88 Ϯ 0.77-fold in the small arteries of the same diseased animals (Fig. 7D) . These findings suggest that chronic hypoxia preferentially upregulates the ␣ 1C protein and Ca L channels composed of this particular pore-forming protein likely contribute to the anomalous pulmonary vascular tone in the CH animals.
Since hypoxia has been shown to transcriptionally regulate the expression of other ion channels in VSMCs (42, 58), we used real-time PCR to evaluate if an increased expression of ␣ 1C mRNA was associated with the overexpression of ␣ 1C protein in small pulmonary arteries of 21-day CH piglets. The average cycle dependency of ␣ 1C amplification was similar between the vascular samples from N and CH piglets (n ϭ 5; Fig. 8A ). In five different N and CH animals, the average threshold values of 29.98 Ϯ 0.21 (N) and 29.87 Ϯ 0.45 (CH) were obtained. Threshold values were variable between piglets from the same group, a finding confirmed by displaying the PCR products at 30 cycles corresponding to ␣ 1C mRNA on an agarose gel (Fig. 8B) . The ␣ 1C C T values normalized to ␣-actin and analyzed by the ⌬⌬C T method for relative quantification confirmed no difference between ␣ 1C mRNA levels between small pulmonary arteries of N and CH animals.
DISCUSSION
The findings of our study show for the first time that the response of the neonatal lung to hypoxia involves an increased Ca 2ϩ -dependent PVRI that is associated with a profound upregulation of the Ca L channel ␣ 1C -subunit in small pulmonary arteries. This anomalous Ca L channel expression occurs by 10 days after exposure to hypoxia at an early time point when the initial signs of PAH including an increased RV/LV ϩ S ratio and enhanced arterial muscle thickness are detected but PVRI Fig. 6 . Western blot analysis of the CaL channel ␣1C-subunit in small pulmonary arteries of 3-, 10-, and 21-day N and CH piglets. Vascular proteins were pooled from 3 or 4 piglets for each preparation. The ␣1C-subunit was upregulated in small pulmonary arteries of 10-day and 21-day CH piglets compared with respective arteries from N piglets obtained at the same time point. In contrast, there was no difference between ␣1C expression between arteries of 3-day N and CH piglets. ␣-Actin was used as an internal standard. Fig. 5 . Western blot comparisons of the expression of ␣1C-subunits in small and large pulmonary arteries between 21-day N and CH piglets. A: proteins isolated from small pulmonary arteries of N piglets were loaded in the four left lanes; proteins from CH piglets were loaded in the four right lanes. The ␣1C-subunit, which was recognized as a 200-to 240-kDa doublet band, was profoundly increased in the small pulmonary arteries of CH piglets. ␣-Actin was the internal standard. B: Western blot analysis of the ␣1C-subunit of the CaL channel in large pulmonary arteries of N and CH piglets. No significant difference in ␣1C expression was observed. ␣-Actin was the internal standard. C: graphical representation of normalized ␣1C immunoreactive signal from small and large pulmonary arteries of 21-day N and CH piglets. *Significant difference (P Ͻ 0.05) in immunodensity of ␣1C between N and CH values.
is not significantly elevated. By 21 days after hypoxia when PAH is established in CH piglets, the upregulation of Ca L channels is a striking feature in small pulmonary arteries, which also exhibit enhanced Ca 2ϩ -dependent contractions after isolation from the lung parenchyma. Further compelling evidence of a Ca L channel abnormality was provided by patchclamp studies that revealed an increased density of voltagegated Ca L channel current in pulmonary VSMCs of CH piglets, suggesting an overabundance of functional Ca L channels in the plasma membrane. Collectively, all of these findings raise the possibility that anomalous Ca L channel expression may be involved in the initiation or maintenance of hypoxia-induced PAH in the piglet model of this disease.
Chronic hypoxia in infants during the postnatal period may result from congenital cardiac defects, obstructive pulmonary disease, sleep-disordered breathing, or broncho-pulmonary dysplasia (1, 57) . The relevance of the developing pulmonary circulation of neonatal piglets to lungs of human infants has been documented (26 -28) , and the neonatal piglet model of hypoxia-induced PAH has been characterized by many laboratories (18 -24, 37, 53) . It demonstrates early changes in hemodynamic parameters and pulmonary vascular morphology consistent with the development of PAH in human infants exposed to hypoxia at birth (23, 26 -28, 53) . In earlier studies (23, 24, 37) , elevated PVRI was detected by 10 -14 days of hypoxia. In our study, the first sign of PAH was an increased medial thickening in 3-day CH piglets, which suggested vascular wall hypertrophy instead of the normal thinning of the pulmonary arterial musculature that occurs after birth (28) . After 10 days of hypoxia, an increased RV/LV ϩ S ratio also was evident coincident with medial arterial thickening. Thus critical events in the pathogenesis of hypoxia-induced PH that portend hemodynamic disruption appear to occur by 10 days of hypoxia. At this time point, we also initially detected an upregulation of Ca L channels in the small pulmonary arteries of the CH animals. By 21 days of hypoxia when PVRI was markedly elevated in CH piglets, the upregulation of Ca L channels in small pulmonary arteries was profound but the pulmonary vasculature was still highly reactive, suggesting an early stage of PAH. We chose this time point of therapeutic relevance to evaluate Ca 2ϩ -dependent tone and vascular Ca L channel abnormalities.
Sixty-two percent of the elevated ⌬Ptp in the lungs of 21-day CH piglets was nifedipine sensitive, which suggested a strong contribution of Ca L channels to abnormal vasoconstriction. The residual dihydropyridine-insensitive ⌬Ptp abolished by papaverine was attributed to vasoconstrictor mechanisms other than Ca L channels, since papaverine primarily inhibits phosphodiesterase to induce relaxation (10, 52) . However, since papaverine also weakly inhibits Ca L channels (31), the pharmacological block by papaverine of residual Ca 2ϩ influx may have accounted for a minor component of its dilator effect. The presence of active vascular tone insensitive to nifedipine infers that other sources of activator Ca 2ϩ in addition to Ca L channels contribute to the increased pulmonary vascular tone in PAH. Receptor and store-operated Ca 2ϩ -permeable channels and a Na ϩ /Ca 2ϩ exchanger are expressed in pulmonary VSMCs, and intracellular Ca 2ϩ can be mobilized by the opening of ryanodine receptors or inositol 3-phosphate receptors (33, 38, 48) . Endothelin-1 and reactive oxygen species reportedly mobilize these stores in pulmonary VSMCs during hypoxia to increase cytosolic free calcium (48, 56) . Additionally, lower threshold T-type Ca 2ϩ channels that are voltage gated but insensitive to nifedipine have been described in cultured pulmonary VSMCs and observed to promote cell proliferation (47) . In neuroendocrine cells, chronic hypoxia is reported to upregulate T-type Ca 2ϩ channels, although this event has not been reported in VSMCs to our knowledge (8, 13) . We did not search for these channels in our preparation by using alternative antibody probes or patch-clamp protocols designed to detect low-threshold currents. However, the resistance of T-type Ca 2ϩ channels to nifedipine-induced block suggests that they are not responsible for the anomalous nifedipine-sensitive vascular tone that we observed in 21-day CH piglets. A role for these channels in pulmonary vascular remodeling is not ruled out by our findings, however.
Earlier studies (50, 51, 55) primarily using rodent models of PAH have shown that hypoxia acutely inactivates voltagegated K ϩ channels in small pulmonary arteries and subsequently suppresses their expression in the plasma membrane by 24 -60 h. The resulting depolarization of the affected VSMCs mediates Ca L channel opening and voltage-gated Ca 2ϩ influx (3, 51) . Initially, this Ca 2ϩ -dependent vasoconstrictor response to hypoxia may represent a physiological event that permits ventilation-perfusion matching in alveolar networks. However, our new findings suggest that if hypoxia persists for 10 days, it may trigger a more profound and pathogenic mechanism to promote Ca 2ϩ -dependent constriction in the pulmonary circulation. In the neonatal lung, this response appears to involve a strong upregulation of Ca L channel ␣ 1C -subunits in small pulmonary arteries that coincides with the emergence of PAH. The anomalous expression of ␣ 1C appears to intensify as PAH worsens between 10 and 21 days. Notably, the Ca L channel ␣ 1D -subunit that is encoded by a different gene (Ca v 1.3) than the Ca v 1.2 gene that encodes ␣ 1C is also sensitive to dihydropyridine drugs (34, 59) . However, our findings suggest that the ␣ 1D -subunit is only sparsely expressed in small pulmonary arteries and its expression levels do not change significantly in response to chronic hypoxia. Thus the abnormal nifedipinesensitive tone of neonatal PAH appears to be fueled specifically by a high density of Ca L channels composed of ␣ 1C -subunits in the pulmonary VSMCs. Notably, the concept that Ca L channels are involved in the pathogenesis of neonatal PAH also is supported by the findings of Fike and Kaplowitz (22) . These authors reported that sublingual nifedipine blunted the rise in PVRI in newborn piglets exposed to hypoxia for 10 -12 days. Thus Ca 2ϩ influx mediated by Ca L channels appears to be requisite for establishing at least the initial phase of hypoxia-induced PAH in neonatal piglets.
It is important to acknowledge that many disease-related alterations may fuel abnormal vascular tone in PAH independently of increases of Ca L channel expression. For example, we considered the possibility that the increased Ca 2ϩ -dependent tone in isolated lungs of 21-day CH piglets reflected an exaggerated release of vasoconstrictor substances from the lung parenchyma rather than a Ca L channel abnormality of the pulmonary vasculature (25) . The production of thromboxane A 2 is reportedly enhanced in neonatal piglets exposed to hypoxia (20, 21, 41) , and elevated urine levels of thromboxane A 2 metabolites and plasma endothelin-1 have been measured in adult and pediatric patients with PAH, respectively (2, 11, 41) . However, our in vitro studies confirmed that the enhanced Ca L channel function in small pulmonary arteries of CH piglets was intrinsic to the VSMCs. First, the activation of voltage-gated Ca L channels by a depolarizing KCl stimulus or Bay K 8644 elicited more robust contractions in isolated arteries of 21-day CH than N piglets. Second, patch-clamped VSMCs isolated from small pulmonary arteries of 21-day CH piglets exhibited elevated Ca L channel currents compared with VSMCs from N piglets. Notably, this increase in functional Ca L channels appeared less pronounced than the profound increase in immunoreactivity corresponding to the ␣ 1C protein on Western blot. The reason for this discrepancy is not readily apparent, but it is possible that some of the overexpressed ␣ 1C protein was not trafficked from its site of assembly in the endoplasmic reticulum to the plasma membrane for insertion as a functional Ca L channel. The latter process involves ancillary channel proteins and other cytoplasmic factors that were not analyzed in our study (6, 9, 15) .
Interestingly, we did not detect a difference in the expression levels of ␣ 1C mRNA between small pulmonary arteries of 21-day N and CH piglets, although the ␣ 1C -subunit protein was highly upregulated in the arteries of CH piglets. Thus the mechanisms by which chronic hypoxia increases Ca L channel expression apparently do not involve steadystate increases in the corresponding mRNA. Alternative processes that may be functional in PAH include enhanced translational efficiency, an increased rate of ␣ 1C trafficking to the cell surface, or reduced ␣ 1C turnover in the plasma membrane. Similar mechanisms have been invoked to explain the overabundance of Ca L channels in peripheral arteries of genetic and renal rat models of systemic hypertension. In these animals, the ␣ 1C transcript is mildly elevated in several vascular beds during the established phase of hypertension, but this event apparently does not fully account for the marked upregulation of ␣ 1C protein (44, 45) .
In conclusion, our study has linked chronic hypoxia in newborn piglets to the upregulation of Ca L channels in small pulmonary arteries and the development of PAH. These findings provide initial insight into an apparently key mechanism by which abnormal Ca 2ϩ -dependent tone develops during the pathogenesis of neonatal PAH. An abnormality of Ca L channels also appears to contribute to some forms of pediatric PAH, since CCBs partially reversed elevated pulmonary arterial pressures in a subset of infants and young children (1, 4, 7, 30) . Unfortunately, many infants with hypoxia-induced PAH are not identified until they have advanced disease that fails to respond to either CCBs or other vasodilator therapies. In this regard, our study suggests that prophylactic drug therapies designed to suppress Ca L channel expression in the pulmonary vasculature during chronic hypoxia may mitigate abnormal Ca 2ϩ -dependent tone and the development of PAH.
